a-Phenylethylamine was recently reported by us in various samples seized from the illicit drug circuit. At first, 0c-phenylethylamine was identified in powders that generally contained amphetamine and caffeine. Then, a couple, who were known drug users, was found dead in their apartment. Urine samples from both victims contained large amounts of amphetamine and a-phenylethylamine. All of the positive samples were re-examined with gas chromatography to determine the chirality of the detected drug or drugs. The homochiral derivatizing reagent N-trifluoroacetyI-L-prolyl chloride was used to convert the drug enantiomers into their corresponding diastereomeric derivatives. These derivatives were separated on an achiral stationary phase and detected using either flame ionization detection (FID) or on-line Fourier-transform infrared spectrometry (FTIR) for quantitative or qualitative purposes, respectively. Excellent separation was realized between all diastereomeric derivatives, and interference of excess, nonvolatile derivatizing reagent was reduced to a minimum. All powder samples consisted of racemic mixtures for a-phenylethylamine and for amphetamine. The urine samples also contained both enantiomers of a-phenyl ethylamine and amphetamine, albeit in varying proportions. These findings again substantiate the synthetic origin of a-phenylethylamine, attributing its presence in the urine of both victims to intentional or accidental intake. The disproportionate isomeric composition found in the urine samples confirms previous reports of a stereoselective metabolism for amphetamine enantiomers and suggests a similar pharmacokinetic profile for a-phenylethylamine.
Introduction
Routine analysis of samples from various judicial cases has recently revealed the repetitive and unrelated occurrence of a-phenylethylamine (a-methylbenzylamine) in the circuit of illicit drugs (1,2). The compound, generally in a mixture with amphetamine and sometimes caffeine, was found in several * Author to whom correspondence should be addressed.
powders seized in various law enforcement operations. Urine specimens from a couple, who were known drug users, found dead in their apartment also revealed the presence of large amounts of amphetamine together with a-phenylethylamine. This amphetamine-like compound has previously been classified in literature as an endogenous putrefactant (3, 4) but was never reported in the context of drug abuse. Both pharmacological activity and toxicity of ~-phenylethylamine are virtually unknown. Amphetamine and its derivatives (e.g., "XTC" [MDMA, 3, 4 -methylenedioxymethamphetamine], methamphetarnine, etc.) are a major class of commonly used designer drugs (5) . Their widespread use as recreational entactogens has become a serious problem in Belgium. Designer drugs are synthesized by chemists in clandestine laboratories to create substances with specific effects and to circumvent legal restrictions. Whether a-phenylethylarnine is the result of an erroneous amphetamine synthesis starting from acetophenone instead of benzophenone or intentionally introduced in the illegal drug circuit for supposed (but not confirmed pharmacologically) central nervous system stimulant activity is still unclear (2) . Both amphetamine and a-phenylethylamine contain a chiral center in the side chain and can therefore exist in two enantiomeric forms. Basic chemical synthesis of either compound results in a racemic mixture of both enantiomers. Our interest in developing an enantioselective analysis was based partly upon the need to ascertain this racemic nature in the biological samples. This would be opposing the endogenous putrefactant hypothesis for a-phenylethylamine, enzymatic reactions being generally stereospecific.
The most commonly used gas chromatographic (GC) procedure for enantiomeric separations is the indirect method, in which an optically pure chiral reagent is employed to convert drug enantiomers in their corresponding diastereomeric derivatives which are then separated on a common achiral phase (6, 7) . The resulting flexibility permits great versatility in GC detection techniques such as mass spectrometry and online Fourier-transform infrared spectrometry. N-TrifluoroacetyI-L-prolyl chloride (L-TPC, (S)-(-)-N-(trifluoroacetyl)-prolylchloride) has become one of the more favorable chiral derivatizing reagents for amino groups because it satisfies all the essential requirements of a chiral reagent (6, 8, 9) and has become commercially available.
This communication reports the development and validation of an enantioselective assay using GC-FID and GC-FTIR for quantitative and qualitative simultaneous analysis of individual enantiomers of amphetamine and (x-phenylethylamine. Data are shown to illustrate its application to the investigation of powder mixtures and biological specimens from forensic origin.
Experimental

Reagents and standards
All reagents and chemicals used were of analytical grade and were from Merck (Darmstadt, Germany) unless stated otherwise. Racemic mphenylethylamine was purchased from Sigma (St. Louis, MO). Ammonium hydroxide, the derivatizing reagent (S)-(-)-N-(trifluoroacetyl)-prolylchloride 0.1M solution in dichloromethane, the internal standard 4-phenylbutylamine (4-PBA), and (R)-and (S)-o~-phenylethylamine were all from Aldrich (Milwaukee, WI). Amphetamine, caffeine, and cocaine-HCI were available from the standards collection at the Laboratory of Toxicology (University of Gent, Belgium).
Stock solutions of (/?)-amphetamine (0.50 mg/mL), (S)-amphetamine (0.50 mg/mL), (R)-cz-phenylethylamine (0.50 mg/mL), and (S)-(z-phenylethylamine (0.50 mg/mL) were prepared in methanol. Dilution with methanol of these stock solutions yielded the working solutions at concentrations of 100, 50, 25, 10, and 5 IJg/mL. The internal standard was diluted to a concentration of 100 IJg/mL in methanol. All these solutions were stored in the refrigerator (6~ and were stable for at least one year.
Samples
The samples were mainly the result of a law enforcement operation against clandestine laboratories, or they were seized from suspected drug abusers. Postmortem urine samples (n = 2) were from two fatalities presented at our laboratory for forensic analysis. Powder samples were weighed and dissolved in methanol to a concentration of I mg/mL. Urine samples were frozen at -20~ after receipt. They were thawed just before extraction and analysis. 
Materials and methods
Sample preparation
Aliquots (100 IJL or less) of the powder sample solutions were evaporated to dryness under a gentle stream of nitrogen. A few drops of methanolic HC1 were added during the final evaporation phase, and the dry residue was derivatized as described below. For the clean-up of urine samples, solid-phase extraction on Bond Elut Certify columns (130 rag, Varian, Harbor City, CA) was used. Fifty microliters of internal standard solution was added to 2 mL of urine and the mixture was diluted to a total volume of 5 mL with doubly distilled water. The pH was adjusted to 5.0 with 2 mL of a 0.1M phosphate buffer. The solid-phase cartridges were preconditioned with 2 mL of methanol followed by 2 mL of 0.1M phosphate buffer (pH 5.0). The specimen was applied to and drawn slowly through the sorbent bed. The extraction columns were rinsed with 1 mL of 1.0M acetic acid and dried under vacuum for 5 min. Finally, 3 mL of methanol was quickly passed through the column, and it was again dried under full vacuum for 2 min. The compounds were eluted using 3 mL of a 2% (v/v) NH4OH solution in ethyl acetate, which was freshly prepared on a daily basis. The eluate was evaporated to dryness at room temperature under a gentle stream of nitrogen with the addition of two drops of methanolic HCl during the final evaporation period. Calibration standards, using aliquots of blank urine (2 mL) from healthy individuals, were treated in a similar way. Addition of 100 pL of the previously mentioned standard drug solutions resulted in concentrations of 5.0, 2.5, 1.25, 0.5, and 0.25 pg/mL. Each calibration was completed with a blank sample and a blank sample with internal standard.
Derivatization
Drug enantiomers were converted to their diastereomeric derivatives by dissolving the dry residue into 250 ~L of hexane, to which 50 lJL of a 0.1M solution of L-TPC was added. The mixture was vortex mixed and allowed to react at 90~ for exactly 5 rain. After cooling (2 min), 50 ~L of doubly distilled water and 50 ~L of a 2% (v/v) NH4OH solution were added. The solution was washed (10 min on a rotary mixer) to remove any unreacted L-TPC. After centrifugation at 700 x g, the upper phase was transferred to an autosampler vial for GC analysis.
GC-FID analysis
A Hewlett-Packard (Palo Alto, CA) 5890 series II GC equipped with an FID, a 7673A automatic liquid sampler, a split-splitless capillary column injection port, and a HP 3396 series II reporting integrator were used. A WCOT fused-silica Ultra-2 (20 m x 0.32-ram i.d., 0.17-~m film thickness) capillary column (Hewlett-Packard) was installed. The carrier gas was helium at a flow rate of 0.4 mL/min. Injection (2 ~L) was in the splitless mode with a purge-off time of 0.8 min at an injection temperature of 170~ The oven temperature was programmed; the initial temperature was 60~ increased to 150~ at 30~ and then to 260~ at 5~
The detector temperature was maintained at 270~
GC-FTIR analysis
For GC-FTIR analysis, a Perkin-Elmer AutoSystem GC (Buckinghamshire, U.K.) was used in combination with a Perkin Elmer GC-IR System 2000 interface and a FTIR System 2000 detector. It was equipped with a medium band (10000-580 nm) mercury-cadmium-telluride (MCT) detector and an optimized KBr beamsplitter. The light pipe inlet make-up gas was set at a nitrogen flow of 1.1 mL/min. A Hewlett-Packard Ultra-1 (Palo Alto, CA) capillary column (25 m x 0.32-ram i.d., 0.50-~m film thickness) was installed in the GC. The PTV injector from Gerstel (Brielle, The Netherlands) was used in the solvent purge mode (for injection of various volumes from 2 to 15 ~L) and increase from 40 to 200~ at a rate of 12~ The temperature increase was started 0.5 min after injection and, on reaching 200~ maintained for 4 min. The solvent purge valve was closed 0.5 rain after completion of the injection for a 0.8 min splitless sampling period. The initial oven temperature of 60~ was held for 0.5 min, programmed to 180~ at a rate of 30~
and from 180 to 260~ at a rate of 5~ with a hold time of 4.5 min. The infrared detector light pipe and transferlines were heated at a constant temperature of 270~ and the carrier gas was helium at a flow rate of 1.1 mL/min. The instrumental data collection parameters were set at a spectral resolution of 8 wavenumbers over a scan range from 5200 to 580 cm -1, and a triangular apodization function was used. The total response chromatogram (TRC) was calculated by the Gram-Schmidt vector orthogonalization method (10) using 10 basis vectors taken from various times throughout the run. Instrument control, data collection, and data manipulation was performed using the DOS-based System 2000 Infrared Data Manager, TR-IR, and SEARCH software.
Method evaluation using GC-FID
The linearity of the method was evaluated using the calibration samples as described above. The calibration samples were taken through the whole analytical procedure and the resulting calibration curve was calculated using least squares regression.
For the determination of the extraction recovery, blank urine samples, spiked with the different drug enantiomers, were analyzed according to the previously described procedure. The internal standard, however, was added to the sample after extraction but before derivatization. The extraction recovery was then calculated for each concentration (0.25 and 5.0 ~g/mL) with respect to a corresponding enantiomer-internal standard mixture not submitted to the extraction procedure.
Precision and accuracy were evaluated by analyzing aliquots from a blank urine pool enriched with amphetamine and ~-phenylethylamine enantiomers, both at concentrations of 0.25 and 5.0 ~g/mL on the same day (n = 5) and over five consecutive days.
Finally, amphetamine-related compounds were derivatized and chromatographed according to the previously mentioned procedure in order to evaluate the selectivity of the method. Solutions of these compounds were prepared in methanol at a concentration of 0.5 mg/mL, and 100-1JL aliquots were used. 
Results and Discussion
The homochiral derivatization reagent L-TPC yields diastereomeric amides (S,S or S~) upon reaction with either r amine or amphetamine (Figure 1 ). We used hexane instead of the more common dichloromethane in the derivatizing procedure. Because the derivatizing reagent and its byproducts, which are formed during the derivatizing reaction, are nonvolatile, an aqueous, alkaline partitioning step is used to remove them. We found that hexane gives much cleaner chromatograms without substantial reduction in the derivatization yield. Numerous minor but nevertheless interfering peaks, particularly at the retention times of the compounds under investigation, were no longer observed when using the more apolar hexane instead of dichloromethane as the solvent.
The derivatization was optimized with respect to reaction temperature and time. A short reaction time at a temperature of 90~ was chosen because no difference was observed when longer reaction intervals were used. Calibration curves were constructed and a linear correlation was observed between the peak-area ratios of the various diastereomers and the internal standard against the respective cali- 
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bration concentrations in an interval of 0 to 5 pg/mL. Table I shows the obtained regression parameters. A correlation coefficient of 0.9994 or higher was observed, and the intercepts were typically nonzero, due to the impurities in the derivatizing reagent (9) . For concentrations exceeding the dynamic range of the calibration curve, the samples were diluted and reassayed. The solid-phase extraction recovery from urine was determined for two different concentration levels, 0.25 and 5.0 pg/mL. A recovery (mean plus or minus standard deviation, n = 5) of 62 + 4% and 55 + 5% ((R)-aphenylethylamine), 64 • 3% and 55 + 5% ((S)-aphenylethylamine), 79 • 3% and 82 • 3% ((R)-amphetamine) and 78 • 3% and 81 • 3% ((S)-amphetamine) was observed for the low and high levels respectively. The somewhat polar ~-phenylethylamine enantiomers clearly have a lower extraction recovery compared to amphetamine. Optimization of the solid-phase extraction could not correct this phenomenon. We observed a likewise decrease in ~-phenylethylamine recovery for the extraction step following derivatization.
In Table I ], the mean within-day and total reproducibility data, obtained at a concentration of 0.25 and 5.0 pg/mL, are presented. Relative standard deviations ranged from 4.3 to 9.2% and from 7.3 to 9.5% for r enantiomers and from 4.7 to 7.8% and from 7.9 to 9.5% for amphetamine enantiomers. The precision varied slightly with the concentration and was comparable with the extraction recovery; it nevertheless met with our objectives for a qualitative and quantitative enantioselective assay. The accuracy of the analysis, as assessed by the analytical recovery of standards added to blank urine specimens, was between 96 and 108% for a concentration of 0,25 pg/mL and was between 94 and 101% for the 5.0 pg/mL concentration for both r and amphetamine enantiomers. Figure 2B ), shows that there are no interfering peaks from endogenous compounds in the elution region of the particular diastereomers. Injection of derivatized racemic standards of methamphetamine, ephedrine, pseudoephedrine, and [3-phenylethylamine revealed that successful resolution could be achieved, thus proving the specificity of the method. In addition, it became clear during this experiment that the proposed derivatizing scheme is less appropriate for the derivatization of ephedrine and analogues, probably because of their increased polarity.
Using the GC-F?IR instrument, the GramSchmidt total reconstructed chromatograms (TRC) were generated with infrared spectral data. Figure 3 shows the TRC obtained for a methanolic extract of one of the judicial powder samples. The use of the chiral derivatization reagent TPC is highly beneficial for infrared detection due to its high content in strong infrared absorbers such as oxygen and fluorine (11) . It gives an increased sensitivity and excellent selectivity, which is very well-illustrated by the resulting clean chromatograms. Low sensitivity is a major drawback of GC-FTIR. We found that recalculation of the Gram-Schmidt chromatograms using additional baseline vectors taken from various times throughout the run (instead of one for the TRC real-time calculation) significantly improves the chromatograms by removing baseline effects (10, 12) . All infrared chromatograms presented here were recalculated, and in the case of urinary extracts, it allowed us to actually locate our peaks of interest which were completely obscured in the background.
The advantages to infrared properties of the derivatizing label in quantitative absorption are obvious when inspecting the The inset shows the spectra overlayed between 1120 and 600 cm -I, which illustrates the minor differences between the spectra, infrared spectrum of either o~-phenylethylamine-TPC or amphetamine-TPC (Figures 4A and 4B) . Very intense absorption bands at 1704 cm -1 (C=O, amide I band) and between 1240 and 1150 cm -1 (-CF3 group from L-TPC) favorably enhance overall infrared absorption and, consequently, detection of the derivatized compound. The absorbances in the region from 1600 to 900 cm -1 are for most organic compounds because of skeletal vibrations, mixed with methylene and methine bending modes delocalized over the molecule (13) . These bands are characteristic for the entire molecule, making them very useful for the differentiation between compounds, The apparent spectral similarity we find in this region when looking at Figures 4A and 4B , results from spectra that are totally dominated by the intense absorption bands in the 1700 to 1100 cm -1 wavelength region. This effectively excludes this region from use in characterizing and differentiating closely related compounds (i.e., derivatizing), which, although beneficial for sensitivity, significantly impedes the use of IR for differential identification. As can be seen from the inset of Figure 4 , only the bands in the 1100 to 600 cm -1 range, which are attributable to C-H bending and ring deformation of monosubstituted aromatics, can be used for differentiating the substitution on the aromatic ring. Fortunately, the PerkinElmer library search routine was generally able to find an exact or close match, based on such marginal differences as the peak at 1019 cm -1 in the spectrum of derivatized oc-phenylethylamine (not present in derivatized amphetamine), the much enhanced peak at 761 cm -1 (r and the split of the 708 cm -1 band f(o~-phenylethylamine-TPC) in a doublet at 737 and 702 cm -1 in the spectrum of amphetamine-TPC. Additional characteristic bands in both spectra are at 3375 cm -1 (free N-H stretching), 3070, and 3032 cm -z (stretching vibrations of the aromatic ring), 2980 cm -1 (stretching vibration of -CH3) , 1510 cm -1 (N-H, amide band II), and the strong absorbance of the doublet at 1499 and 1445 cm -1 (-C=C-symmetric ring stretching). Such bands are interesting features for visual inspection and allow rapid categorization. Optically active isomers basically have identical infrared spectra, although marginal differences have been reported (14) . These differences have been attributed to different association modes, mainly hydrogen bonding. In contrast, diastereomers are known to have different spectra and should be readily distinguished. In the vapor phase, however, many of these differences disappear because this can be considered a very dilute solution in which molecular associations are limited. As mentioned previously, spectral differences among TPC-derivatized compounds are merely subtle; in our experiments, we were not able to see any spectral differences in either derivatized (diastereoisomeric) (R)-or (S)-amphetamine and (R)-or (S)-c~-phenylethylamine. A number of different powder mixtures that were seized in the illicit drug circuit and urine samples from forensic origin (1,2) were analyzed using the previously described procedures. The results are summarized in Table III . For the powder mixtures, enantiomeric composition was calculated by dividing the individual peak areas by the total peak area for the two enantiomers. For the urine samples, however, the individually calibrated concentrations of each enantiomer were used to calculate the enantiomeric ratios. Evaluation of enantiomeric ratios must take into account the enantiomeric purity of the derivatizing reagent and the drug standard as RS and SR diastereomers coelute (15) . The commercially available ($)-(-)-N-(trifluoroacetyl)-prolyichloride has a claimed enantiomeric excess of 97.8%, implying that about 1% of the (R)-enantiomer is present. Derivatizing a single enantiomer control and analyzing it for the opposite enantiomeric/diastereomeric form give a good reflection of the actual impurity status. In our experiments we generally found more heterochiral evidence than anticipated. However, it was still considered negligible with respect to the interpretation of our results. From the presented data it is clear that in any of the analyzed samples, the enantiomeric composition, (R)-and (S)-enantiomers, is so apparent that interpretation is easy, even near the end of the excretion profile in the biological specimens. In Figure 5 , the FID chromatogram is 1~"
shown of one of the powder mixtures (powder 2). Taking the previously mentioned CVs into consideration, this chromatogram and the data in Table III clearly demonstrate that for any of the powders, the R:S ratios are well within the range expected for 50:50 racemates. The skewed aspect of both the diastereomeric pairs is due to the previously mentioned small amount of chiral impurity in the derivatization reagent. Virtually all clandestinely produced amphetamine is synthesized from benzophenone through reductive amination and is therefore essentially racemic (9, 16) . (~-Phenylethylamine is the two-carbon homologue of amphetamine, and the most probable synthesis is a parallel one that starts from acetophenone. The resulting product is inevitably racemic as are the powder mixtures we analyzed. Both urine samples that were analyzed also contained the two enantiomers of amphetamine and ~-phenylethylamine. The GC-FTIR chromatogram of one of the urine sample extracts is shown in Figure 6 . The slight preponderance of (R)-amphetamine (Table III) was expected because it is known that the (S)-isomer is metabolized more rapidly than the (R)-isomer (17) (18) (19) . Overall excretion of the enantiomers is pHdependent; the charge of amine group has a significant impact on the retention of the compound in the body. Consequently, the longer the enantiomers are retained in the body, the more metabolism plays a role in the elimination process and the more skewed the enantiomeric ratio will be. In the case of the o~-phenylethylamine isomers, the R:S asymmetry is very obvious with the (R)-isomer predominating. This suggests a stereospecific metabolic behavior similar to amphetamine when the sample is taken at a late stage in the metabolic time profile.
The analytical results provide unambiguous proof of the heterochiral nature [(R)-and (S)-enantiomers] of the mphenylethylamine found in both urine samples. Consequently, the endogenous putrefactant hypothesis to explain its presence becomes rather unlikely because catabolic enzymes normally act in a stereospecific way, in which case one would expect a single enantiomer. All available data indicate that a mixture of enantiomers was administered. The powder mixtures, although from a different source, are indeed also racemates. We consider the combined experimental data and auxiliary findings (1,2) unequivocal proof of the occurrence of r in the illicit drug scene. Its purpose or source remains unclear and speculative. It may be the result of accidental synthesis beginning with an erroneous supply of precursor or of a shrewd attempt to retail the two-carbon homologues of the existing series of illegal amphetamines to circumvent legal restrictions, or it may be because it is inexpensive and readily available in bulk quantities from various chemical suppliers. As such, the liabilities of the basement chemists and clandestine drug dealers become even more serious because neither the toxicity nor the pharmacological activity (if any) of (x-phenylethylamine are properly known at this time (2, 20) .
